ABSTRACT Auxin-responsive cDNA clones have been isolated from a cDNA library prepared from elongating soybean hypocotyl poly(A)+RNA. The expression of two such sequences has been assessed by RNA blot hybridization analyses during normal developmental transitions in the soybean hypocotyl and during incubation of sections excised from the region of cell elongation. The concentrations of these poly(A)+RNAs are higher in the elongating zone than in the apical and mature zones of the hypocotyl. Both poly(A)+RNAs are depleted during incubation of the sections in the absence ofauxin. The loss ofone ofthese sequences (pJCWI) is prevented by the addition of auxin to the incubation medium while the other sequence (pJCW2) increases above the initial level in the presence of auxin. The addition of auxin to auxin-depleted tissue in which the sequences are depleted results in rapid accumulation of these poly(A)+RNAs; pJCW1 accumulates to the control level while pJCW2 increases well above the control level. Auxins are a class of plant hormones implicated in the control of both cell elongation and cell division (1). Based on an analysis ofgrowth characteristics and nucleic acid content ofcallus tissue under different hormone regimes, Skoog (2) suggested that the action of auxin is closely coupled to altered nucleic acid metabolism. Subsequently, results from a number of investigations showed higher nucleic acid contents of tissue in response to auxin (3, 4) . With the availability ofrelatively specific inhibitors of RNA and protein synthesis, a requirement for RNA and protein synthesis in auxin-induced cell elongation was demonstrated (5, 6) . A generally positive correlation between the ability of auxin to enhance RNA synthesis and the enhancement of cell elongation by auxin has been shown in a number of studies (7, 8) . The parallel incremental inhibition of (mRNA-like) RNA synthesis by actinomycin D or protein synthesis by cycloheximide and auxin-induced cell elongation also provided support for the view of a close association between nucleic acid metabolism and auxin action (9, 10).
ABSTRACT Auxin-responsive cDNA clones have been isolated from a cDNA library prepared from elongating soybean hypocotyl poly(A)+RNA. The expression of two such sequences has been assessed by RNA blot hybridization analyses during normal developmental transitions in the soybean hypocotyl and during incubation of sections excised from the region of cell elongation. The concentrations of these poly(A)+RNAs are higher in the elongating zone than in the apical and mature zones of the hypocotyl. Both poly(A)+RNAs are depleted during incubation of the sections in the absence ofauxin. The loss ofone ofthese sequences (pJCWI) is prevented by the addition of auxin to the incubation medium while the other sequence (pJCW2) increases above the initial level in the presence of auxin. The addition of auxin to auxin-depleted tissue in which the sequences are depleted results in rapid accumulation of these poly(A)+RNAs; pJCW1 accumulates to the control level while pJCW2 increases well above the control level. These data alongwith others [Baulcombe, D. C. & Key, J. L. (1980) J. BSOL Chem. 255, 8907-8913] demonstrate directly a highly selective effect of auxin on the expression of a small number of mRNAs in tissues undergoing both cell elongation and cell division in response to auxin. Although the data are suggestive of a close association betwen auxin action and altered gene expression, a causal relationship is not established. It seems highly unlikely, however, that such specific effects ofauxin on gene expression are unimportant in auxin physiology.
Auxins are a class of plant hormones implicated in the control of both cell elongation and cell division (1). Based on an analysis ofgrowth characteristics and nucleic acid content ofcallus tissue under different hormone regimes, Skoog (2) suggested that the action of auxin is closely coupled to altered nucleic acid metabolism. Subsequently, results from a number of investigations showed higher nucleic acid contents of tissue in response to auxin (3, 4) . With the availability ofrelatively specific inhibitors of RNA and protein synthesis, a requirement for RNA and protein synthesis in auxin-induced cell elongation was demonstrated (5, 6) . A generally positive correlation between the ability of auxin to enhance RNA synthesis and the enhancement of cell elongation by auxin has been shown in a number of studies (7, 8) . The parallel incremental inhibition of (mRNA-like) RNA synthesis by actinomycin D or protein synthesis by cycloheximide and auxin-induced cell elongation also provided support for the view of a close association between nucleic acid metabolism and auxin action (9, 10) .
The possibility of a causal relationship between the enhancement by auxin ofcell elongation and altered RNA synthesis was generally thought to be excluded by the theoretical considerations of Evans and Ray (11) relating the kinetics of auxin-induced growth to kinetic parameters of RNA synthesis or halflife ofthose RNAs (or both). Consequently, there was a dramatic shift in research activity relating to auxin action from consideration of RNA and protein synthesis to studies on acidification of the cell wall by auxin-mediated hydrogen ion extrusion (12, 13) . Subsequent studies showing a dual response to auxin in the cell elongation process (14)-i.e., one response occurring with a lag of about 15 min and a second with a lag of some 45 min led to increased consideration of the possibility of a causal association between auxin-regulated RNA and protein synthesis and auxin-mediated growth processes (15) .
Hybridization analyses (16, 17) showed that the expression of some 40,000 different poly(A)+RNAs was not significantly altered in tissue induced to proliferate by auxin. However, auxin treatment of soybean hypocotyl did result in a marked differential expression of a few highly abundant poly(A)+RNAs, based on both in vitro-translation two-dimensional gel analyses (16, 17) and RNA blot hybridization to cloned cDNAs (18) . Soybean cells in culture also showed changes in selected mRNA levels in response to auxin based on in vitro translation data (19) . Earlier, Verma et al. (20) showed increased levels of translatable cellulase mRNA in pea stem tissue undergoing longterm auxin-induced growth aberrations. In recent studies, Zurfluh and Guilfoyle (21, 22) showed that auxin affects selectively the in vivo synthesis of a few proteins in excised soybean hypocotyl and demonstrated by in vitro-translation two-dimensional gel analysis (23, 24) a rapid increase in the concentration of translatable mRNAs for a few proteins in response to auxin in excised elongating and mature tissue of soybean hypocotyl. Similar observations were made by Theologis and Ray (25) using poly(A)+RNAs isolated from excised pea epicotyl tissue.
In the experiments reported here, cloned cDNAs were used to determine whether auxin induces changes in certain mRNAs in tissue undergoing an enhanced rate of cell elongation in reponse to auxin, a quantitative (change in rate) response in contrast to the induction of cell division. The rate of elongation of soybean hypocotyl decreases from about 0.6 mm/hr to a base level of about 0.2 mm/hr when excised sections are incubated in the absence of auxin (15) ; addition of auxin to the incubation medium restores the elongation rate to about 0.6 mm/hr. This system thus offers the opportunity to investigate the influence of auxin on the production of mRNAs that may be important to the cell elongation process. The data presented here using cloned cDNA RNA blot analyses provide a direct demonstration ofan auxin-mediated selective increase in mRNA concentration in tissue undergoing enhanced rates of cell elongation. These observations along with those of Baulcombe and Key (18) show directly that auxin selectively and dramatically alters the concentration of a few poly(A)+RNA sequences in tissues undergoing both cell elongation and cell division in response to the hormone. 7185 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Thomas (39) . Baking, prehybridization, hybridization, washing, and autoradiography were as described by Baulcombe and Key (18) . Glyoxylation of RNA and subsequent electrophoresis were as described by McMaster concentration in auxin-induced tissue than in auxin-depleted tissue (Fig. 1) . If these auxin-responsive RNAs are involved in cell elongation in the intact hypocotyl, a higher concentration might be expected in the elongating zone than in apical (dividing) or mature (growth-quiescent) zones of the soybean hypocotyl. RNA blots of poly(A)+RNA obtained from these regions (Fig. 2) show that both cDNA clones hybridize to RNAs that are present in greater relative abundance in actively elongating tissue than in apical or mature tissues. Fig. 3 shows the level of pJCW1 and pJCW2 RNAs from elongating tissue incubated in the presence (lanes b-d) or absence (lanes f-h) of auxin for 2, 4, and 6 hr after excision. Poly(A)+RNA corresponding to clone pJCW1 (Fig. 3A) is maintained at control (unincubated) levels (lanes a and e) in tissue incubated with auxin but shows a rapid decrease in tissue incubated without auxin. The level of pJCW2 RNA increases in excised sections incubated with auxin but decreases in auxindepleted tissue. These changes occur in tissue in which a constant growth rate is maintained in the presence ofauxin (6) while the elongation rate declines to a low base level after excision in the absence of auxin (15) .
Kinetics of RNA Induction by Auxin in Auxin-Depleted Tissue. RNA blot hybridization analyses show a rapid accumulation of the auxin-responsive poly(A)+RNAs noted above on addition ofauxin to auxin-depleted tissue. Hybridization intensity shows an increase in pJCW2 RNA within 15 min (Fig. 4B, lane c) while an increase in pJCW1 RNA level is apparent within 30 min (Fig.  4A, lane d) . RNA hybridization to pJCWl reaches the control tissue level by 90 min of auxin treatment (lane f). pJCW2 RNA levels rise above control levels by 30 min (lane d) and continue to increase during longer auxin-induced incubation periods. This auxin-induced increase in pJCW2 RNA levels in excised sections above control levels was also seen when auxin was added immediately after excision (Fig. 3B) . The upper weaker band in Fig. 4B of certain poly(A)+RNAs in elongating soybean hypocotyl. By using hybridization of cloned cDNA probes in RNA blot analyses, we found several lines of evidence consistent with a possible involvement of these RNAs in the cell elongation process: (i) the two poly(A)+RNAs ofnote are developmentally regulated in the soybean hypocotyl, occurring at relatively higher concentrations in tissue at maximum rates ofelongation (elongating zone) compared with apical and mature tissues; (ii) these sequences are depleted in excised tissue that has been incubated in the absence ofauxin and are maintained at or near the control level (pJCW1) or increased (pJCW2) if auxin is included in the incubation medium at the outset; (iii) auxin induces accumulation of these sequences when added to auxin-deficient tissue (i. e., excised tissue incubated for [4] [5] [6] hr in the absence ofauxin) in which the level of these sequences is depleted; and (iv) the response ofchanges in concentration ofthese sequences during auxin-depleted or auxin-induced growth is rapid. The changes in level of these poly(A)+RNAs correspond generally to the altered rates ofcell elongation that occur under these growth conditions (14, 15) .
These general correlations in no way establish a causal relationship between the concentration of these poly(A)+RNAs and the rate of cell elongation or between the action of auxin on cell elongation and the effects of auxin on the expression of these RNAs. These observations relate more directly to the fact that auxin has the capacity to rapidly and selectively increase (or decrease) the level of some poly(A)+RNAs in auxin-responsive tissues. These data, along with those of Baulcombe and Key (16, 18) , show by direct analysis that the level of a few mRNAs may be increased or decreased selectively in response to auxin. The concentrations of pJCW1 and pJCW2 RNAs appear to increase some 3-to 5-fold and 5-to 8-fold, respectively, in excised auxin-depleted elongating tissues in response to auxin. The three sequences studied by Baulcombe and Key (18) in proliferating tissue decreased by factors of 1/100 to 1/20, depending on the RNA, in response to auxin. Also, the data presented here provide direct evidence supporting the general conclusions reached from in vitro-translation data of Zurfluh and Guilfoyle (23) and Theologis and Ray (25) and confirmed by us (unpublished observations) that auxin causes a selective increase in some translatable mRNAs during auxin-enhanced elongation of excised tissues. One limitation in these studies is the fact that the functional identity of the auxin-regulated sequences is not known.
Having identified a group of poly(A)+RNAs that undergo rapid and significant changes in concentration in response to auxin by using cloned cDNA probes, we can now investigate the mechanism(s) by which auxin alters the expression of these sequences. Several possibilities must be considered including enhanced rates ofsynthesis, altered turnover rates, altered processing, and combinations thereof. The results presented here and those of Baulcombe and Key (18), Baulcombe et al. (16, 17) , , and Theologis and Ray (25) will provide the basis for investigating causal relationships between auxin-regulated gene expression and auxin-induced physiological processes (e.g., cell division and cell elongation).
